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The long-awa.i ted measurement of the· rate ot ~-&-absorption on 

protons could conceivably use hydrogen in any :form, but there are 

technical advantages in worlting with liquids, as in bubble chambers. 

H~rever many physicists have expressed pessimism about the utility of 

such an experiroont, because in liquid H2 muons :form p - lJ. - p 

molecular ions ("mulecules") in addition to p .. ll atoms. The purpose 

of this note is to show- how 1 t is .nevertheless possible to interpret 

~he obaervable rate of muon absorption in liquid hydrogen in terms of' 

the basic Pl'l!.t-J interaction. T'ne main pl~oblem is to calculate the rate; 

for the . procese 

(1) 

in ter:cns of the :nruon absorption in atoms; because of the extreme spin 

dependence of the V-A interaction,1 
tl1is requires Y~wled~ of' the 

orien'tation of' proton and muon spins a.s "'vell as the overlap of' their 

w-ave functions at the instant of' absorption. The problem is Jr.al·e 

complicated tlm has been realized. Almost all of our remarks w:t~t 

appl,y to solidi, as ~rell as to liq)lid hydrogen, and we 'tvill confine 

ourselves to the case of isotopically pure tH1~2 • 

* This "'rorl~ 't'iS.S performed under the auspices of' the United States 

Atomic Enerer1 Commission. 



The only 'tvro bound orbital states of the p - 11. .. p 

arc a para lsag groimd state ·vi th rotational a.."l[::.-ulo.r r.'IOlllentum L = 0 

ana· binding energy t">77l ev~ ru1d a lsag ortho state vlith .L = 1 which 

is 6E = 148 cv higl:1er. The forGJ.atiop. of these stc.tes by electron 

ejection in a collision of' a p - 1.1 atom ldth an n2 molecule is 

respectively an EO .or El process1 and hence the ratio of the 

formation rates is of order3 

(2) 

\There ke ia the lmve number of ·the ejected electron. Actually, 

detailed calcula.tiorw2 shov this ratio to be less than :5 • 10 .. 5 1 

so Virtually all mulecules are fol"mCd in thE' ortho state • 

. It· seems furthermore that the mulecules formed in the ortho state 

stay' there during the fe't-t microseconds of' muon lif'et1rlie. If vre define 

the ortho ~para electric dipole transition matrL~ element to be 

·I<PIJP{llo>l = e a D p. 
(3) 

then the rate f'or de-excitation accora:panied by ejection of an electron 

from a hydrocen molecule in a. collision is 

2 4 2/ 
a.) ( 0 -+ P) = 16 rl n m a e D ;1c 

e e e ~ e 

= • 

(\.Jc ho:ve taken n to be the nwnber dcnsi ty of electrons in a c 

( 4) 

;; -----] 

22 -3 
ne = 3·5 · 10 em 1 and set k = · 2 m (bE - E11.) e e. bubble chc.Ttber, 

lrherc llE = 148 ev1 a.YJ.d ~ = 15.6 ev is the electron scvarat.ion enerc:;y 
' 
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in H2.) It is also possible that the mulecule fol .. illS "ol"dinary" a. toms 

4 or molecules 'W'i th electrons and protons from the liquid. The rate a.>A 
in such a system 

for Auger· ortho,.. para conversionAts again given by (4) 1 '\vith n 
. . e 

• replaced by the density ne of bound electrons at the p - IJ. - p • 

If 1 for e:mmple 1 tre take = ~ a .. then 

= 61 a) ( 0 ... p) 
e 

e 

(5) 

Of course, both CA)e and mA ere much larger than the radiative 

conversion rate, 

3 2 2 ° 
tu (0 .. P) = 4(AE) a e D'/3 

1 ~ 
8 7 h2 -1 = .1 • 10 u sec • 

(6) 

According to ( 4) 1 ( 5), and ( 6), ~re trould need n2 ~ 10 ·7 

tor any significant ortho -. para. colwersion to occur during the muon 

lifetirne 1 even if electrons "t-rere bound to all mulecules. It is 

unlikely that the El transition moment is this large. The ortho 

and para states heve total proton sp;tns S "" 1 and S "" 0, and the p p 

only effects that ca.."l give rj.se to an El rna.trix element bet'treen 

such states are impurities in the states,5 or the electric rnoments 

6 . 
generated by movlng ma.gr.etic dipoles. '!'he first effect vlould give 

at most a D of the order of\ th.c amplitude of. the lscru ( L = 0 1 

S o 1} nd.mixture in the para state, tvhich can be estin::atcd roue;hly us 
p 

a t;ypical mUf-jlletic intera.ction eoore:'S, 

the minimum cncr;sy difference bet'i·Jef.m 

a.4 m "'" o.; cv, divided by 
jJ. 

lscrg and lsau st-ates 't-lhose 

\rove func·tions overlap appreciably, roue-~ly 5 Kev, giv-lng o.n amplitude 



. . . -14-
of' about 10 • - Of course D is nruch sir..a.ller than this, since the . ' ,. ~ 

lsau para irnpUI'"li ty will not have pm:·f'ect overlap \Ti th the_ lscrg ortho 

\vave .function. The second effect mentioned '\iOuld corr'cribut.e to D an 

amount-of order 2~7'9 N/m ft#. _4 • 10 ... 7 • If D '·rere this Si~1a11, El .. . p . . 

conversion would: take ~s long as 'trould be e:twectod for conversion by 

I-12 -tra.n.si tions. 

De~exci t&tion by rea.r!ange~nent collisions Of' the p • 1-L ... p 

with It2 molecules .ia:not re~ed by the necessity to f'lip spins, 

·but is _ hope.~ssly s;ow because of the high Coulomb barrier. Tb.e cross 

section fo_r o~tho . .,.. para conversion by this process contains the 
~ . . 

familiar factor · e -~- · ·'Vrhere G = 21"/13'! .fl and · ~c- is- the in:l.tial 

p ... 11 - p velocity,. · In o1·der that G < 100 , the p - 11 ... p i.iOUld 

as it is formed with 0.02 ev; and I<T < 0.003 ev. 

T'.ne fact that process ( 1) occurs fi-orn tha or-tho ~~tate 'vuuld not 

complicate ma.tte:r·s badly if it 1-iere correct ( es seem.'3 to have been 

previrusJ.y as.sUil.~d) •that or-tho mulecules had definite total spin 

(~ ·i- ~)2 = s(s + 1). It has been sho1m7 that j,f' m(S) is the_ rate 

fol· (1) in such states, and ~ is the rate :for muon absorption in 

p - Ji atoms lTi th total spin F , then 

m( 1/2) (7) 

= (8) 

which may be co:rnpared \'lith the mnaller absorption rnte in para muleculea 

• (9) 
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Here r
0

, rp are the ratios of' the muon density at one of the 

protons ·in Ol'1 ortho or -paro mulecule (averaged over the scpat-o.tion 

betlicen protons) to the muon density at the proton in a p - 1.1 atom. 

8 
Using the CJR "t>Ja.ve functions, we have found that 

2 r0 = 1.165 l.;o8 • (10) 

These values are subject to corrections9 of order m /m due to 
).1. p 

admi:lcture of higher Ol"bi tals than lsog • 

Of course 1 S is a good quru'ltUl11 number only if the forces 

coupling ~) and ~ to t are ignored • ..., In this l<">'t•rest approximation, 

the ortho st&te form.s a dcgenere/re quilrt.uplct or states l J 1 S ) 'tvhich 

we can take <t·d th definite values of 

the states o.re: 1 - }, 
2 

·r 1 -, 
2 

2 + l) ,.,. J(,J + 1); 

I 3 3 ) 
I 2' 2. I 

' 5 .. 
I -, 2. } • The degeneracy among them is actually lifted by magnetic 

2 2 

and relativistic eff'ec'i:,s 't-7hich split the quintuplet into f:I.ve states 

(Each of these 

five stai;;es st:tll retains a 2 Jn + 1-f.old degeneracy, i1hich plays 

no role here. The f'ield needed for a Paschcn-~ck effect is of' order 

109 (;cl.USS.) 

It is easy to sl">.ow tho;t the ; 
S=-

2 
COD1J.X)~1ents of' 

the true encrg.-y eigenstatca ~ tn ) don't interfere in l"'ac .. ~ion ( 1) if 

no attempt is 1r;ade to measu:re the lilommTtuzn or polarization of the 

left-over proton. Furthermore there is no interference D..DPng the 

I\ t
11 

) sta:tes, since the:"Lr enerc;y separntion is n·Juch lal·ccr th>.ln 

their natural i{'ldth of 3 • 10-10 ev. Hence the rate for (1) is given 

as the surn 



-6-

ID = · l m(_i/2) · .- . (1 - ~) m( ~/2) 
Pf.J.P 1'' 

(11) 

where 

(12) 

(13) 

and pn . ~S·the p:ro,bability of''the ortho mule(;UlO occupying I wn ) 

at·the. ins~t ·of.~b:sori?tion,.··· 

It .is· easy .to· c~ulate_ the relative probabilities P
11
° ··for 

.f'o:rtt~.a.tion Of the. five ortho states • Since the mulecule is formed from 

a proton and. an ir ;:. 1'0 p'_- :- " atom10 it 'has s a .! ini•cially I and Jhence ' \ ' . ' 2 

(14). 

Furthermore, it seems reasonable. to sup~ that no significant number: 

ot transitions arnong the lvn } occur during the muon lifetime. T.h¢ 

Coulomb barrier prevents rearrangement collisions; 11 Ml radie:tiv~ 

transitions 'Vbuld take a day; and probably 1·11 conver~ion in collisions 

with H2 molecules is very slow because the energy avati.lablo is 

insufficient for electron ejection. AssUt"'ni~'~~ then that P = P 0 
"-'10 n n 1 

ve obtain 

I: 
n 

2 J + 1 
n l 2 

n 6 
(15) 

and our problem reduces to that of compU"'cing the ~ • lio~-rever 1 there . n 

is one important result thr"J.t can be derived t-rlthout any calcula:tion. 

Since e + E = 1 2 t
3 

+ e4 = 1 , it follows directly f-.com (15) that 



.. 

1 
- L f: L. 1 2 - ... - (lG) 

'\Jhercao in general vc would only kno-w that 0 L ~ :=::::- 1. If \·re accc:_)~,; 

th::l.t m "' 50 ro , 7 then because '\ore cannot have ·~ near zero 1 t io 0 1 

safe to O.pp~ximute 

(17) 

c.nd f'urtl1en1;o:rc the neutrons eraitted should have all110s"c. 100;~ lons1tu6.iJc-.:c.l 

polol .. :l.zation. 

The IIwniltonian n• that t.'OUples ~, ~.; and k tr.ilicG the 

general fo:nu 

1 + E4( ~cs .r.)(s ·L) 
<o~ •""J.L A:O "'P -

uhich "ri elds for the ~ 
"~ ·'tl I 

+ .! (s .r,) 
2 ""fl 11.1 

- 4 ) 
3 

(18) 

1 r [ (. -lt-E1 + ~. -E2 - 5.E4. + lOE~ . . ') 
2 

) .. y
2f -Jl+ 1+2 .... ... . .• <---

2 ( . 2E + 7E - 9E- - 5E,, ... 13f. 1 2 , ~ 5 / 

1 ~ ~4 -

(19} 

I )2] .. 1/2/' 
·~E 5. 

(2D) 

• 
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The coefficients Ej :Vcy be calculated from the formulae: 12 

. . 
I < 2 2 2 r~·) 
.f. 

2 ( 2!.£ - l . r12 + rl~ - r2~ 
El 

e ... 2 . = - - ... I! 
2 

~~ . 2 2 3 p m 2 r 12 r 4 p \ , 
(21) 

(22) 

(23) 

2 5 -
4 rlo rl 

G; !! 

E = 5 
. (25) 

" = 2. 1:9, and ri . ::::: I .r. - ..r. f r-p J _.; ,.JVl Nj 

:r·epresents the spin-orbit force on the protons; E0 and tbe second term 
""' 

in· E
1 

come from the magnetic interaction bet<t•een the proton ltlO:roenturrJ 

and the muon a.nd proton spins; E
3 

a..'l'ld E4 come b<>om tlle interaction, 

be·c't·;een proton a..11d muon n~ag11-etic moments; and El'\: w:ises from the 
::> 

iltteraction between proton magnetic moments. We have not carried. out· 

the necessary integre.tiollS t.o obtain tl¥3 Ej l:lUl!lerically, as it 

seems most important at this stage to sho'w that the task is straigh-'c .. 
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Since some muon absorptions '\>rill occur ,.,i th muons still in 

F = 0 p • ~ utoms, the observed total rate of all absorptions in 

liquid hydrogen ia 

"''here y is the product of the muon mean life tiL"les the l~a·te per 

p .. ..,_ ato2n of' p - fJ ... p formation. According to CJR, y = 14.4 

at a proton 11umber density np == :;.5 • 10
22 cnt3. Since x (as given 

by (17), (10), and. (16)) nruat bf~ betl·1een 0.44 and o.88, the value of 

m
0 

detenni.ned. by a mei~surc:men·b of mabs (and co..lculation of x) vill 

be quite inoensi·tive. to the :precise value of y , prov.i.dil16 y isn't 

too snnll t 

It is possible to test many of our o.oc:umptions try nlleo.su;dno; 

in ro of between 1% a:nd 8/). 
abs 

. 13 If an co.:rlier calculo:Mon , giving 

a y :f.i".re times smaller than t11e.t of' CJR, t-lere con·ect, th::m the 

decrease in ooe.bs would be bot-vreen 2.5% end.l6.'5}0. If our eetin...-;~.tes 

are wrong, w'ld ortho -oo po.ra conversion becomes i.'nportant e.t the highm .. • 

dens1.ties, x and roabs can drop by almost a factor of 3, vrhilc if' 

ortho '"" ortho transitions becornc important lJ) 'h could rise or fall. a .... s 

The author h...."\S bonefite(l f".l."O:m conversations on tbesc r.1attcro 

vith a great 111lll1Y physic:tsto, and vrould particularly H.kc ~ thank 
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